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UNCLASSIFIED 

PRELIMINARY EVAIKTATION OF TURBINE PERFOFWWCE WITH VARIABLE- 

AREA TURBINE NC)ZZLES IN A TURBOJET ENGINE 

By C a r l  E. Campbell and Henry J. Welna 

The performasce of a two-stage turbine with variable-mea first- 
stage  turbine  nozzles vas determined i n  the  NACA Lewis a l t i t ude  wind 
tunnel over a range of simulated a l t i t udes  from 15,000 t o  44,000 f e e t  
and engine  speeds from 50 to 100 percent of rated speed. The miable- 
area turbine  nozzles used in this investigation were primarily a test 
device f o r  compressor research purposes  and were not  necessarily of 
optinmu aerodynamic design. The resu l t s  of this investigation are indica- 
t i v e  of effects  09 turbine-nozzle-area  variation on turbine performance 
within  the  operating range allowed by the engine. The variable-mea 
turbine  nozzles were found to be mechanically r e l i ab le  and t o  have negli- 
gible  leakage  losses.  Increasing the turbine-nozzle-throat  area from 
1.15 to 1.67 square feet increased  the  corrected  turbine  gas  flow  or 
effect ive turbine nozzle area about 10 percent. At a given  corrected 
turbine speed and turbine  pressure  ratio, changing the turbine  nozzle 
area from 1.30 t o  1.67 square f e e t  lowered the turbine  efficiency 
3 or 4 percent. The ef fec t  of increasing  the  turbine  nozzle  area from 
1.15 t o  1.67 square feet (decreasing  the  turning angle about 71°) would 
be t o  lower the turbine  efficiency  about 5 or  6 percent. 

- 
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Analyses such as t h a t  given in  reference 1 indicate  the performance 
and operatfonal advantages t o  be gained by u t i l i za t ion  of variable-area 
turbine  nozzles  in  turboJet  engines. When combined with a proper speed 
control,  the  variable  turbine  nozzle can greatly  increase the thrust  
capability of supersonic  turbojet  engines  because of increased  flexi- 
b i l i t y   i n  matching of the compressor and turbine over a wide range of 
flight conditions. F'urthermore, potentia3 improvements in specific fuel 

b le  f o r  engines equipped with both  variable-area  turbine  nozzles and 
variable-area exhaust nozzles  (reference 1). I n  both these analyses, it 
was assumed that  turbine  efficiency was not  affected by changes i n  the 
area or angle of the  turbine  nozzles. However, aside from analytical 

m consumption, particularly  at   thrust   values below rated  thrust,  are  possi- 

treatment of the problem, t tFme a lack of 
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experimental data on t he  performance  of variable-Kea-_tFbine  nozzles 
operating as integral  components of fill-scale  turbojet  engines. Com- 
plexity and mechanical reliability have been the main deterrent  factors 
in obtaining  experimental  data and i n  the u t i l i za t ion  of variable t u r -  
bine  nozzles i n  present  turbojet  engine designs. 

During a study of the.surge  characterist ics of a turboje t   a@ne 
f i t t e d  with variable-area  first-stage  turbine  nozzles in the NACA Lewis 
a l t i tude  wind tunnel, it was possible  to  obtain some preliminmy  data 
on the ef fec t  of these  nozzles on the performance  of the two-stage tur- 
bine. The effect  of the variable-area  turbine  nozzles on the efficiency 
and gas flow  characteristics of the  turbine are presented  herein. The 
variable-area turbine  nozzles  investigated i n  t h i s  study were intended 
primarily t o  provide a variable  coapressor  pressure  ratio independent 
of engine  speed and turbine-inlet  tem9erature  for compressor research 
purposes; therefore, the aerodynamic design of the nozzles was not 
necessarily optimum. Furthermore, the  turbine  rotors and the second- 
stage  stator were designed for  fixed-area  first-stage  nozzles. The 
experimental results  obtained  in this investigation,  therefore, do not 
represent the best  turbine performance obtainable with variable-area 
turbine  nozzles,  but serve instead as a preliminary indicator of general 
performance and mechanical  problems. 

Corrected  turbine  gas  flow and turbine  efficiency are presented 88 
functions of corrected  turbine  speed and turbine pressure r a t i o  to show 
the  effects of turbine  nozzle  area and nozzle  angle on turbine perform- 
ance. The turbine  efficiency  obtained with the original  fixed  turbine 
nozzles is compared with the turbine  efficiency  obtained with the  vari- 
able turbine  nozzles a t  a position  corresponding t o  approximately  the 
same throat area and turning angle. A l l  turbine performance data obtained 
with the  variable  turbine  nozzles  are  presented in numerical form i n  
table I. 

The engine was mounted on a wing section which extended across 
the 20-foot-diameter test section of the  a l t i tude  wind tunnel  (fig. 1). 
Dry refrigerated air was supplied to   the  engine from the tunnel make-up 
air system through a duct  connected to the engine in le t .  Manually con- 
trolled  butterfly  valves in this duct were used to   adjust   the  total. 
pressure of the  refrigerated air a t  the engine inlet to correspond t o  
the desired flight condition,  while  the  static  pressure in the tunnel 
test   sect ion W&B maintained to correspond t o  the desired  alt i tude.  A 
s l i p   j o i n t  with a f r ic t ion less  sea l  i n  the duct  permitted the measure- 
ment of t h r u s t  and ins ta l la t ion  drag with the  tunnel  scales. 
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. 
. The  engine used in this  investigation was a J40-WE-6, which  had a 
sea-level  rating  of 7500 pounds  of  jet  thrust  at an engine  speed  of 
7260 rpm  and a turbine-inlet  temperature  of 1425O F. At  this  rating, 
the  conpressor  pressure  ratio was about 5.0 and  the  engine  air f low was 
140 pounds per  second. A cross-section  of  the  engine  is  presented in 
figure 2 showing  the main components  of  the  engine  which  included an 
eleven-stage  axial-flow  compressor, a single-annulus  basket-type  com- 
bustor, a tm-stage turbine,  and a clamshell-type  variable-area  exhaust 
nozzle. The engine was equipped  with 89 electronic  control  that  varied 
engine  fuel f l o w  and exhaust-nozzle  area t o  maintain a schedule  of 
turbine-outlet  temperature  and  engine  speed. 

.. 

The  original J40-WE-6 engine was mdified before  the  investigation 
reported  herein  by  replacing  the  compressor-outlet  straightening-vane 
aaeembly with a two-element mixer-- assembly,  by using a slightly modi- 
f ied  combustor baeket, and by replacing the f irst-stage fixed  turbine noz- 
zles with a variable turbine-nozzle diaphragm. The original control  was 
also modified t o  permit independent control of engine speed and exhaust- 
nozzle area. 

Turbine 
- Both first-  and  second-stage  turbine  disks  were  solid s t e e l  and h d  

an  outer  diameter  of 21.90 inches.  Tne  first-stage  rotor  disk  had 
62 high-temperature-alloy  blades  fitted  into  its  outer rim (fig. 3( a) ) 
and  the  second  stage  contained 32 blades of the  same  material  (fig. 3(b)). 
All turbine  rotor  blades  were 5.50 inches  in  1e-h;  the  turbine  tip 
diameter was thus 32.90 inches  and  the  hub-tip  radius  ratio was 0.666. 
The  radial  tip clearmce for  the  turbine  rotors was 5/32 inch. 

The  first-stage  or  variable  turbine-nozzle  diaphragm  consisted  of 
56 high-temperature-alloy  vanes  which  could  be  rotated  between an inner 
and outer shrolld (f ige.  4(a)  and  4(b) ) . A l l  vanes were rotated sFmul- 
taneously  by an actuating  mechanism similar to the one shown schematically 
in  figure 5. The  single  actuating shaft extending  through  the  engine 
outer skin was actuated by  an externally  mounted  worm-gesr  drive.  Chang- 
ing  the  turbine-nozzle  vane  angle  varied  the  nozzle  throat  area  and also 
the  angle  that  the  fluid is turned  in passing through the nozzles. Mid- 
vane cross sections of two  adjacent  turbine  nozzle  vanes  axe shown in 
the  open  and  closed  positions  in  figure 6. The  solid-line  section  shows 
the  vanes in the open position  corresponding to a geometric  throat  area 
of 1.67 square  feet am3 a turning  angle  at  the  throat of approximately 
54.5'. The  dashed-line  section  corresponds to the  closed  position  with 

original  fixed  turbine  nozzles, for which  the  turbine  rotors and second- 
stage  nozzles  were  designed,  corresponded  closely  to  the vmiable turbine- 

turning  angle  of  about 590. 

- a throat  area of 1.15 square  feet  and  turning  angle of about 62O. The 

I nozzle  setting  that  provided a throat  area  of 1.30 square  feet  and a 
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The  second-stage  or  interstage  stator  cons3sted of 60 high- 
temperature-alloy vanes welded to an inner and outer  shroud  with a fixed 
nozzle-throat  area of approximately 1.81 square  feet.  The  annular . 
passage  through  the  turbine  from  first-stage  nozzles  to  turbine  oatlet 
had approximately  constant  inner and outer diameters;  the  unblocked 
annular  area was about 3.4 square  feet. 

Instrumentation 

Stations  at  wbich  instrumentation was installed  within  the  engine 
for  measuring  pressureg  and  temperatures  are  shown  in  figure 2. The 
number of total  and  static  pressure  tubes,  static  pressure  orifices, and 
thermocouples  installed at each  measuring  station  is shown in  tabalax 
form  in this figure.  Schematic  sketches of the  instrumentation at the 
cowl  inlet  (station I), compressor  outlet  (station 4), turbine  inlet 
(station 51, and turbine  outlet  (station 6) are shown in figure 7. Fuel 
flow was measured-by  calibrated  rotameters and engine  speed was measured 
by a stroboscopic  tachometer. 

Procedure 

Data  were  obtained at altitudes of 15, OOO, 30,000, 40,000, and 
44,000 feet  at  varfous  flight  Mach  nu??lbers  from 0.14 to 0.62. Extensive 
performance data were obtained  at an altitude of 30,000 feet and 8 flight 
Mach number  of 0.62. At  this  flight  condition,  the  variable  turbine 
nozzles  were  set at five  different  positions an3 at  each  nozzle  position 
the engine was operated  at six different  speeds  from 3630 to 7260 rpm 
(rated  speed).  At  each  turbine-nozzle  setting  and  engine  speed,  the 
exhaust  nozzle was varied  from  the  wide-open  position  to full closed, 
or  until  limiting  turbine  temperature was approached,  to  extend  the  range 
of turbine  pressure  ratio  and  corrected  turbine  speed.  The  ranges of 
turbine  pressure  ratio,  corrected  turbine  speed,  turbine  nozzle  area, 
and  engine  speed  covered  at  this  flight  condition are shown  in  the  follow- 
ing table: 

L 

speed, r W  . . . . . . . . . . . . . . . . . . . . .  3630 to 7260 
Measured  turbine-nozzle-throat  area, sq ft . . . . . . . .  1.15 to 1.67 
Turbine  pressure  ratio . . . . . . . . . . . . . . . . . .  1.57 to 3-00 
Corrected  turbine  speed, rpm . . . . . . . . . . . . . . .  2663 to 4407 

The  symbols  and  methods of calculation  used to determine  the  turbine 
performance  are  given in the  appendix. 

al 
rl co 
N 
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- 
RESULTS AND DISCUSSION 

- Inasmuch as the primary object is t o  show the  effect  of turbine 
nozzle  area on turbine performance, curves are shown only f o r  an alti- 
tude of 30,000 f e e t  and a flight Mach  nurdber of 0.62 where the most 
extensive  investigation was made. Data obtained a t  all of the flight 
conditions  investigated are presented i n  numerical form i n  table I. 

N cn 
G Corrected  Turbine Gas Flow 

The variation of corrected  turbine gas flow with  corrected  turbine 
speed for  all five  turbine  nozzle-areas is  shown i n  figure 8 f o r  an alti- 
tude of 30,000 f e e t  and a f l i g h t  Mach number of 0.62. Although turbine 
pressure  ratio is  not a direct function of corrected  turbine speed, l i nes  
of constant turbine pressure  ratio have  been  superimposed t o  indicate 
approxlmately the general   increase  in  turbine  pressure  ratio with increased 
correctedturbine speed at each turbine  nozzle  area. For each of the f ive  
nozzle  meas,  the  corrected gas flow increased with corrected  turbine 
speed to a maximum value and was unaffected by further  increases  in  cor- 
rected  turbine speed or  turbine  pressure r a t io .  Failure of the corrected 
gas  flow to  increase at  high corrected  turbine speeds  (and high turbine 
pressure  ratios) i s  at t r ibuted t o  choking of the flow at  some s ta t ion  
wi th in  the  turbine. The turbine  pre8sure r a t i o  f o r  choking varied f rm 
about 2.6 a t  a turbine  nozzle  area of 1.15 square feet t o  about 2.2 at 
an  area of 1.67 square f ee t .  However, thee8 values of turbine  pressure 
ratio  at  the"c,ransition  point between choked and unchoked f low are  very 
approximate because of the data inaccuracy in the low range of turbine 
pressure r a t i o s .  

- 

- 

The maxlmLlIll corrected  turbine  gas flow (choked conditions)  obtained 
a t  each  nozzle  area i s  shown in   f igure 9. !his curve i s  a380 a measure 
of effectFve  turbine-nozzle throat  area inasmuch as  corrected  turbine 
gas f low is directly  proportional  to  effective area when the nozzles  are 
choked. Over the range of actus turbine  nozzle  areas fro= 1.15 t o  
1.67 square feet ,  the effective  turbine  nozzle mea varied fro= 1.13 to 
1.25 square f e e t  f o r  an effective  area  range of approxlmately 10 percent. 
It is apparent that the  effective and measured areas are nearly  equal a t  
small area  sett ings of the nozzles but  the effect ive =ea is  considerably 
smaller than the  measured area at large  area  settings.  This indicates a 
reduction in nozzle f l o w  coefficient  (defined as the ratio of effective 
mea to measured area) from about 0.98 t o  0.75 as the  nozzles  are opened. 
This large  reduction in indicated  flow  coefficient may be  caused by chok- 
ing a t  sone station  within  the  turbine  other thm the inlet nozzlee. 

L However, inasmuch as interstage  pressures and temperatures w e r e  not meas- 
ured, the  location of the choking station  within  the  turbine  could  not 
be determined with certainty. 
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Turbine  Efficiency 

The turbine  efficiencies  obtained with all five turbine  nozzle areas 
a t  an a l t i tude  of 30,000 feet and a f l i g h t  Mach  number  of 0.62 are  shorn 
i n  figure 10 as a function of corrected  turbine speed. The maximum tur- 
bine efficiency  obtained was 0.87 with the s d l e s t  turbine  nozzle  area 
and a high  corrected  turbine speed. The minimum turbine  efficiency was 
about 0.70 with the largest nozzle area and a low corrected  turbine speed. 
In general,  turbine  efficiency increased w i t h  corrected  turbine  speed  for 
all turbine  nozzle areas  and was lowered by increasing the turbine  nozzle 
area (d@CreSSing the nozzle  turning angle) a t  a given  corrected  turbine 
speed. These general  effects, however, are not c lear ly  separated i n  fig- 
ure 10 because the eflects of turbine  pressure  ratio have not been a c c n t e d  
fo r  

In figures U ( a )  and (b) to   15(a> and (b),  operating  lines of turbine 
pressure r a t i o  and turbine  efficiency are shown as functions of corrected 
turbine speed for  each engine speed and turbine  nozzle mea. Although 
turbine  efficiency is not a direct  function of engfne speed, l ines  of 
constant  engine speed have been faired f o r  the turbine  efficiency data 
f o r  the purpose  of  obtaining  cross  plots. The cross plots  of turbine 
efficiency  against  corrected  turbine speed for  constant  values of turbine 
pressure ratio  obtained from parts (a) and (b) of figuree 11 to 15 are 
shown i n  pa r t s  (c) of these figures. A t  a constant  turbine pressure rat io ,  
turbine efficiency  increased w i t h  increased  corrected  turbine speed. 
This trend occurred a t  all values of constant  turbine  pressure  ratio f o r  
which cross  plots  could be obtained a t  each turbine  nozzle area. The 
maximum range  of  corrected  turbine speed obtainable a t  a constant  turbine 
pressure r a t i o  W&B about 200 r p m  and the average increase i n  turbine 
efficiency for this increase i n  corrected turbine speed was about 4 per- 
cent. However, the rate of increase in  turbine  efficiency with  increased 
corrected turbine speed was greater a t  the lower  values of constant t u -  
bine  pressure  ratio. A t  a given  corrected  turbine speed, turbine  effi-  
ciency  increased  wlth  reduced  turbine  pressure  ratio,  but  the  corrected 
turbine speed  could be maintained  constant  only for a very small range 
of turbine  pressure  ratios. 

The effect  of changing turbine nozzle area and turning angle on tur-  
bine  effic.iency a t  a given  corrected  turbine  speed and turbine pressure 
r a t i o  i s  shown i n  figure 16. The symbols, which represent  cross-plotted 
data points rather than  actual data points, have  been included to   indi-  
cate the accuracy  of  the  cross-plotted data as well as f o r  distinguishFng 
between turbine  nozzle areas. In all cases where a comparison could  be 
=de a t  the same turbine  pressure  ratio and corrected  turbine speed, 
the  turbine  efficiency was lowered by increasing the turbine  nozzle area. 
Changing the turbine  nozzle area from 1.30 t o  1.67 square f e e t  a t  con- 
stant  values of corrected tu rb ine  speed and turbine  pressure  ratio 
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lowered the turbine  efficiency  by 3 or  4 percent. It is  probable that 
the reduction in  turbine  efficiency over the complete range of turbine 
nozzle areas (decreasing  the  turning angle about 7- ) would not  be more 
than about 5 or  6 percent in  the  region of high corrected  turbine speeds 
and turbine pressure ra t ios .  

10 
2 

A compasison of turbine  efficiencies  obtained with the original 

spondbg area   se t t ing  and at the same flight conditions and engine speed 
is shown i n  figure 17. The s l igh t ly  lower turbine  efficiency of about 
1 percent (which is less than the data accuracy  spread)  obtained with 
the variable turbine  nozzles  indicates that the  leakage  losses  with the 
variable  nozzles were very mall. 

N fixed  turbine  nozzles and with the  vmiable  turbine  nozzles at a corre- 
E 

Mechanical Rel iabi l i ty  

The variable-area  turbine-nozzle diaphragm was i n s t a l l ed   i n   t he  
engine during approximately 240 hours of engine  operation and only  minor 
mechanical d i f f i cu l t i e s  were encountered  during this  period. Although 
the turbine nozzle  mea was not varied frequently during the part of the 
engine  investigation  reported  herein, a great many changes i n  nozzle  area 

low physical loading condi%ions most of the time because most of the 
investigation was conducted a t  high alt i tudes,  bu t  inasmuch as a large 
past of the total operating time was at mili tary speed  and  temperature, 
it is felt  that these  tes ts  were a goo& indication of variable turbine 
nozzle l ife.  Calibrations of turbine-nozzle-throat dimensions versus 
indicated  nozzle  setting showed good reproducibility of turbine  nozzle 
meas. 

- were made during  other p a t s  of the fnvestigation. The nozzles were at 

I 

CONCLUDING REMARKS 

The variable-mea  turbine  nozzles were found to be mechanically 
re l iab le  and to have negligible  leakage  losses. It was possible t o  
achieve a variation  in  corrected  turbine gas flow or effective  turbine 
nozzle @rea of about 10 percent by use of these  variable  turbine  nozzles. 
A t  a given  corrected  turbine  speed and turbine pressure ra t io ,  changing 
the  turbine  nozzle  area from 1.30 to  1.67 square feet lowered the  turbine 
efficiency by 3 o r  4 percent. The e f fec t  of increasing the turbine noz- 
zle  area from 1.15 to 1.67 square feet  (decreasing the turning angle 

about 7-5 ) would probably lower the  turbine  efficiency  about 5 or  6 percent. 

Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio 

10 . 
4 National Advisory Committee fo r  Aeronautics 
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APPEXDIX - CALCUMTIONS 
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Symbols 

The following symbols are used  in  this  report: 

cross-sectional  area,  sq f t  

acceleration  due to gravity, 32.2 ft/sec 2 

enthalpy of air or gas mixture,  Btu/lb 

engine  speed, r p m  

toW pressure, lb/sq ft absolute 

static  pressure,  lb/sq ft absolute 

gae constant, 53.4 ft-lb/lb-% 

total  temperature, OR 

indicated  temperature,. % 

velocity,  ft/sec 

air flow, lb/gec 

fuel flow, lb/hr 

gas flow, lb/sec 

thermocouple  impact  recovery  factor, 0.85 

ratio of specific  heats for gases 

pressure  correction  factor, P/2l l6  (total  pressure  divided  by 
NACA standard sea-level pressure) 

adiabatic  efficiency 

temperature  correction  factor, fl/(1.4)(519), (product of r 
and total  temperature divided by product of r and tempera- 
ture for air at NACA standard sea-level  conditions) 
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" 

Corrected parameters: 
- 

N/* corrected  turbine speed, rpm 

T5/82 corrected  turbine-inlet temperature, OR 

'€3- corrected  turbine-inlet gas flow, lb/sec 
65(r5/1.4) 

w e 5  corrected  turbine  enthalpy drop,  Btu/lb 

Subscripts : 

a air 

Q gas mixture 

t turbine 

1 cowl inlet 

2 compressor i n l e t  

4 compressor out le t  

- 

- 
5 t u r b i n e  M e t  

6 turbine  outlet  

Methods of Calculation 

9 

Total  temperatures w e r e  cdculated frm thermocouple indicated 
temperatures with the equation 

T =  
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Air Ploy. - A i r  flow was determined  from pressure and temperature 
measurements a t  the cowl inlet (s ta t ion 1) by use of the  equation 

G a s  flow. - Gas flow was calculated from fuel-flow measurements and 
cowl-inlet air flow a6 follows: 

W =I W + Wf/36a0 
g a,l 

Turbine-=et temperature. - Turbine-inlet  temperature was deter- 
mined from the  enthalpy and f u e l - a b  r a t i o  a t  the turbine inlet by use 
of temperature-enthalpy  tables.  Turbine-inlet  enthalpy was calculated 
from the following equation which assumes that the turbine enthalpy drop 
equals the compressor enthalpy rise: 

” 

Turbine  efficiency. - The turbine  adiabatic  efficiency was deter- 
mined from the following equation: 

where yt i s  the  average  value of r between stations 5 and 6. 
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(a) First-stage turbine rotor. 

Figure 3. - Photographs of turbfne rotors. 
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(b) Closed. 

Figure 4 .  - Concluded. Photographs o? var leb leyamtgblne  nozzlea. c 
.. " - 
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outer skin 

nozzle vane 

/Turbine-Inlet-annuluS 
inner skin 

Figure 5. - Schematic  sketch of variable-area turbine-noxzh 
actuating mecheanism. 
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(a) Mid-vane  cross-sections of two adjacent 
vanes (% times actual size). 1 

NACA RM E52J20 

(b)  Side view of vane  (actual 
size). 

Figure 6. - &etches of variable-mea turbine-noeele vanes in open and closed pasitione. 
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Five boudary-layer 
. total-Dressure hb- 

25 

. 

(a) Station 1, cowl inlet.  Diame- (b) Station 4, compres~or outlet. 
ter, 34 inches;  location, 6 inches  Passage  height, 38 l inches; loca- 
downstream of cowl-inlet  flange. 

tion,  1/2  inch  downstream of 
trailing edge of fixed  vanes. 

I 
0 T o t a l  pressure 
0 Static  pressure I 

(c) Station 5, turbine  inlet. Pas- (a) Station 6, turbine  outlet.  Pas- 
sage  height, % Inches;  location, 3 

2 inches  upstream of leading 
edge of first-stage  turbine-nozzle  edge of turbine  rotor. 
diaphragm. 

sage  height,  inches;  location, 

2 inches damstream of trailing 4. 8 

Figure 7. - Location of instrumentation  (view  looking  downstream). 
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" 

2600 so30 MOa 3800 4200 4600 
Corrected turbine speed, N/&, rpm 

Figure 8. - Effect of turbine-nozzle area and corrected turbine speed on corrected 
turbine gas flm. Altitude, 30,000 feet;  flight Mch number, 0.62. 

Correct& turbine speed, H/&, rEon 
Figure 10. - Effect oY turbine-nozzle area and corrected turblne speed on -bine 

efflciency. Altitude, 30,oOO feeti flight Wach &or, 0.62. 

4 
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(a) Variation of turbine  pressure  ratio with corrected 
turbine speed a t  constant  engine speeds. 

3 (b)  Variation of turbine  efficiency  with  corrected tur- 
bine speed a t  constant  engine speeds. p .9u 1 

Turbine pressure  ratio I 
2.8 2.9 

.8C 
2400 2800 3200 3600 4ooo 4400 

Corrected  turbine speed, N/&, rpm 

(c) Cross plots  sharing variation of turbine  efficiency 
with  corrected  turbine speed at constant  values of 
tu rb ine   p re~sure  ratio. - 

Figure U. - Effect of various  parameters on turbine  pressure ratio and turbine 
efficiency.  Altitude, 30,000 feet ;   f l ight  bkch  number,  0.62; turbine  nozzle 
area, 1.15 square feet .  
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3.2 

2.8 

2.4 

2.0 

1.6 
(a)  Variation of turbine  pressure  ratio ~ L t h  corrected 

turbine speed a t  constant engine speeds. 

.90 

.80 
2 

(b) Variation of turbine  efficiency W F t h  corrected tur- 
bine speed at constant engine  speeds. 

I 
2.5 -2.6-2.7 
/ /  

Turbine pressure  ratio 

I 

30 m o o  3200 3600 4000 4400 
Corrected  turbine speed, N/&, rpm 

( c )  Cross pLote  showing variation of turbine  efficiency 
with  corrected  turbine speed a t  constant  values of 
turbine  pressure  ratio. 

Figure 1 2 .  - Effect of various parameters on turbine  pressure  ratio and turbine 
efficiency.  Altitude, 30,000 feet ;   f l ight  Mach number, 0.62; turbine nozzle 
area, 1.20 square  feet. 
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2.4 

2.0 

1.6 
(a)  Variation of turbine pressure  ratio  with  corrected 

turbine speed at conatant  ennine meeds. 

. a0 

.70 
(b)  Variation of turbine  efficiency  with  corrected tur- 

bine speed a t  constant engine speeds. 

Turbine pressure  ratio 
.90 

. a0 
2400 2800 3200 3600 4000 4400 

Corrected turbine speed, N/fi5, rpm 

(c) Cross plots sharing variation of turbine  efficiency 
wlth corrected  turbine speed a t  constant  values of 
turbine  pressure  ratio. 

Figure  13. - Effect of various  psrameters on turbine  pressure  ratio and turbine 
efficiency.  Altitude, 30,000 feet; flight Mach  number, 0.62; turbine nozzle 
area, 1.30 square feet .  - 
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(a) Variation of turbine  pressure ratio with corrected 
turbine speed at constant engine weeds. .90 

80 

.70 
(b) Variation of turbine efficiency with  corrected  tur- 

.90 bine speed at constant engine  speeda. 

.80 

.-Io 
2400 2000 3200 3600 4000 4400 

Corrected turbine speed, IT/&, rpm 

(c) Cmss plots showing Varl~tion of turbine efficiency , 
with corrected  turbine wee& at  constat values of 
turbine pressure ratio. 

c 
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(b) Variation of turbine effictency with corrected tur- 

bine speed at  constant e h e  speeds. 

". 
2409 2800 3200 3600 uxx) 4400 

Corrected turbine speed, H/&, rpm 

(c) cross plots s ~ n g  variation  of turbine efficiency 
vlth Corrected mina Sped at COnStRnt values O f  
turbine preaeure ratio. 

figure 15. - Effect of various parameters on turbine preeeure ratio and turbine efficiency. 
Altitude, 30,060 feet;  flight bhch pumher, 0.62; turbine nozzle =ea, 1.67 squaca feet. - 
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Measured turbine- 
nozzle area 

( 4  ft) 
0 1.67 
U 1.37 

' 0  1.30 
A 1.20 
A 1.15 

.90 

.80 
(a) Icurbine pressure  ratio,  2.7. 

.90 

.80 
(b) Turbine pressure ratio, 2.6. 

.90 

.80 

( c )  Whine pressure ratio,  2.5. 

1 

.70 - 
3400 3600 3800 4000 4200 

Corrected turbine speed, l'i/&, r p m  

(a) Turbine pressure ratio,  2.4. 

Figure 16. - Effect of turbine-nozzle  area and corrected  turbine speed on t u -  
bine efficiency at constant values of turbine pressure ratio. Altitude, 
30,000 feet ;   f l ight  h c h  number, 0.62. 



Figure 17. - Comparison o f  efficiencies  obtained with fixed  turbine  nozzles 
ana wlth variable-area turbine  nozeles  for an actual. turbine-nozzle area 
o f  1.30 square  feet.  Altitude, 30,000 feet;  flight b c h  number, 0.62; 
engine speed, 7260 rpm. 
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